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Estimating innovation input-output matrix and innovation linkages in the East Asian region and the USA Tsutomu Harada *
Background
There is growing recognition of the critical importance of innovation policy for advanced countries to recover from economic downturn and thrive in a highly competitive global economy. Such policy is also important for developing countries to promote and sustain economic growth. While growing interest in innovation policies has recently emerged, little attention has been paid to complementarity among heterogeneous technologies. 1 According to Rosenberg (1982) , the complementarity constitutes a major characteristic of technological change. This implies that sufficient attention should be paid to the intersectoral spillover effects of innovation in implementing innovation policies.
Indeed, according to Hirschman (1958) , the lack of inter-dependence and linkage among various industries is a typical characteristic of underdeveloped economies. Economic development and growth inevitably accompany the evolution of intensified intersectoral relations. Because technological change plays a critical role in this process, as suggested by the endogenous growth literature (see, for example, Grossman and Helpman 1991; Aghion and Howitt 1998) ; a sector's technological inter-dependence must be properly understood to implement development and growth policies that promote innovation.
While several studies measure inter-sectoral spillover effects in a few specific industries (see, for example, Bernstein and Nadiri 1988; Jaffe 1989; Jaffe et al. 1993) , there is little empirical research that comprehensively evaluates inter-sectoral (technological) spillover effects within a country or region. Coe and Helpman (1995) and Badinger and Egger (2008) estimated international research and development (R&D) spillovers in a sample of countries associated with the Organization for Economic Co-operation and Development (OECD), 2 but their R&D spillover measures were aggregated into a few variables so that more specific inter-sectoral spillover effects were not revealed. Dietzenbacher (2000) conducted one of the few empirical studies that analyzes technological spillover effects by disentangling them into product and process innovations under an input-output framework. 3 However, the model assumes a standard Leontief economy, and the paper evaluates the overall spillover effects of each sector. 4 This approach means that the spillover effects between two sectors could not be recovered. 5 Similarly, while both Bos et al. (2014) and Wolff and Nadiri (1993) share a similar research interest with that of the present paper, their empirical analyses were more concerned with overall spillover effects and made no attempt to reveal inter-sectoral spillover effects in innovation.
The purpose of this paper is first to provide the micro-foundation for a new empirical framework that evaluates the properties of innovation linkages among manufacturing sectors under a multi-sector general equilibrium framework. "Innovation linkages" refer to the effect of sector-specific innovations on productivity growth within an economy or region. For example, an increase in productivity in the ith sector affects productivity growth in other sectors, which in turn exerts some influence on the original sector. These mutual inter-dependences are termed "innovation linkages" in this paper.
Although we could start our empirical evaluation from the innovation version of the input-output matrix (innovation input-output matrix, hereafter) without specifying the underlying theoretical model, this would conceal its implicit assumptions. Therefore, to lay down the micro-foundation of the matrix, we first develop the general equilibrium model behind the matrix. After deriving this matrix, we estimate innovation linkages in East Asian countries and draw implications for growth strategies in the East Asian region and in the USA. In particular, we are interested in measuring innovation backward and forward linkages.
The concepts of backward and forward linkages were originally proposed by Hirschman (1958) . Backward linkages refer to the stimuli going to sectors that supply the inputs required by a particular activity, whereas forward linkages are the inducements to set up new activities that utilize the output of the proposed activity. If these linkage effects are sufficiently strong, underdeveloped countries are more likely to recover from poverty. A number of empirical studies have been conducted to measure the linkage effects based on input-output matrices and to identify key sectors (Chenery and Watanabe 1958; Rasmussen 1956; Schultz 1977; Dietzenbacher and van der Linden 1997; Miller and Lahr 2001) . However, these inter-sectoral linkages are concerned with commodity transactions, which differ from innovation linkages. This paper defines "innovation backward linkages" of the ith sector as the increase in productivity growth in this sector that results from productivity growth in other sectors. "Innovation forward linkages" refer to the effect of productivity growth in this sector on productivity growth in other sectors. 6 In other words, the former regards the sector as a user of innovation and measures the magnitude of benefits received from inter-sectoral spillover effects. The latter regards the sector as a supplier of innovation and measures its contribution to productivity growth in other sectors. These linkage effects can be evaluated using an innovation input-output matrix in which inter-sectoral spillover effects in innovation are described. 7 The contribution of this paper is twofold. First, we provide a theoretical and empirical framework for deriving and constructing the innovation input-output matrix, which must be differentiated from the technology and commodity input-output matrices. Second, based on the former matrix, we conduct an empirical analysis of innovation backward and forward linkages and test policy effectiveness in our data. This paper distinguishes itself from the existing literature in this field by proposing a new innovation input-output matrix.
In the empirical section of this paper, the properties of innovation linkages are examined from the following two perspectives. First, we test whether a (regional) balanced growth policy is more conducive to the promotion of innovation than a (regional) unbalanced one. Note that the balanced growth policy tries to promote innovation in all sectors equally, while the unbalanced policy primarily supports innovation in selected sectors (Rosenstein-Rodan 1943; Hirschman 1958; Streeten 1959; Murphy et al. 1989 ). If the balanced growth policy is innovation promoting, then a uniform, balanced growth policy should be implemented. Otherwise, a sector-specific, unbalanced growth policy should be pursued. The indicator used for this test is the difference in innovation forward linkages across sectors. The outcome of our empirical examination indicates that policy should favor unbalanced growth over a balanced growth.
Second, after the unbalanced growth strategy is selected, the specific targets of the growth strategy should be identified. We identify targets in terms of "core" and "bottleneck" sectors. Core sectors refer to high-growth sectors that have high innovation forward linkages, while bottleneck sectors are low-growth sectors that have high innovation backward linkages. The unbalanced growth strategy should promote innovation in core and bottleneck sectors, and these sectors can be identified only through measuring innovation linkages.
We constructed the innovation input-output matrix using industry-level TFP data for Japan, Korea, China, and the USA and examined the properties of the innovation linkages in these countries. Japan, Korea, and China are included as they represent East Asian countries that have experienced high economic growth and development in the past. Moreover, the three economies have close ties, with official negotiations on a trilateral free trade pact having recently been attempted. Indeed, it is predicted that Japan, Korea, and China will soon form an integral economic region (see, for example, Wong 2006 ). In addition, these countries have established strong economic relations with the USA beyond their regional boundaries. It is therefore critical to examine the underlying innovation relations not only in the East Asian region, but also in the integrated region of East Asia and the USA and to ascertain the difference between the two.
Innovation promoting multi-regional growth strategies can be derived from the estimates of an innovation input-output matrix in a target region. If the target differs, the corresponding innovation input-output matrix and innovation linkages also differ, leading to different growth strategies. Hence, it should be noted that the empirical analysis in this paper is conducted using the pooled samples of the two regions selected for the study.
The remainder of the paper is organized as follows: Section 2 develops a basic theoretical model that provides a framework for the following empirical studies. Section 3 empirically estimates innovation input-output matrices and innovation linkages and derives policy implications. Finally, Sect. 4 presents conclusions.
The model
In this section, we develop an innovation input-output model. Consider a discrete-time closed economy (region) with n commodities and n technology components, the latter being produced by intermediate (technology component) sectors. 8 Thus, two stages of production prevail in this economy. In the first stage, technology components are produced by intermediate sectors through inter-sectoral technology transactions. In the second stage, commodity sectors purchase technology components and produce outputs. The production structure of the model is illustrated in Fig. 1 .
Commodity production
The jth commodity is produced using capital, labor, and the jth technology component as inputs. Its production function is given by where the subscripts j and t refer to the jth sector and time, and K j and L j denote the amounts of capital and labor used in this sector, respectively. It is assumed that the production of a given commodity takes one period to complete, so that the subscripts on the RHS variables are t − 1, instead of t. As capital accumulation is not our primary concern, no capital depreciation is assumed to simplify the model. As we will see, constant returns to scale prevail in this production function with respect to K j , L j , and q ij . q j corresponds to the productivity level of production technology in a standard production function, but this production technology must be procured at each period by purchasing one unit of technology from the jth intermediate supplier. In contrast, a standard production function assumes that production technology is available without costs, once a production function is given.
Thus, while the standard input-output model is primarily concerned with commodity production and its transaction flow, the model in this paper departs from the latter in that the production of production technology is taken into account. That is, the production technology in each commodity sector must be produced at each time by the corresponding intermediate supplier that purchases relevant technology components from other intermediate suppliers. This assumption reflects the fact that manufacturing plants must continuously procure engineering services and technical support from internal engineering departments or external contractors for their operation. This can be understood as the purchasing of relevant technology components from intermediate sectors.
Although we conceptually distinguish between intermediate and commodity sectors, it is possible that a commodity producer owns the corresponding intermediate sector as well. That is, production technology could be internally produced by a commodity producer itself, rather than being purchased from an intermediate supplier. Indeed, because no relation-specific investment is assumed in this model and constant returns to scale prevail in both intermediate and commodity sectors, as we will see, the ownership structure does not matter. Thus, we suppose that each commodity producer and intermediate supplier behaves independently, while solving the equilibrium as if the commodity producer owns the corresponding intermediate sector. 
Production of production technology
The intermediate sector supplies one unit of technology component to its own and other intermediate sectors, in addition to the corresponding commodity producer. That is, each technology component is produced using technology components of its own and other sectors as inputs. 9 Because this model is directly concerned with the production of production technology, a change in the quality level of the technology component is referred to as "technological change" or "innovation. " This change is caused by technology shocks in each intermediate sector. Although endogenous innovation can be easily incorporated into the model (see Harada 2014, for this application), we maintain the assumption of exogenous technology shocks in this paper because our empirical study does not require the explicit endogeneity of innovation.
We assume that technology components are produced according to an o-ring-type production function. Kremer (1993) proposes an o-ring production function that incorporates the fact that mistakes in any series of tasks can dramatically reduce the product's value. In his model, production consists of many tasks, all of which must be successfully completed for the product to have full value. It is assumed that highly skilled workers cannot substitute for low-skilled workers. Skill refers to the probability that a worker will complete a task successfully.
Harada (2014) extended the o-ring production function to the model of production technology and its endogenous innovation. This paper follows the basic model of Harada (2014) and assumes that the production function of production technology represents a technological system. 10 This consists of a series of interrelated technology components. High-quality technology components cannot be substituted for low-quality ones. Thus, in our model, the series of tasks are regarded as a series of technology components, which are provided by their own sector as well as other intermediate sectors in an economy.
Production technology that is utilized in the jth commodity sector is produced in the jth intermediate supplier according to 11 where q ij,t−1 is the quality level of the technology component i at time t − 1 that is used in the production of the jth technology component at time t, and A j denotes the intrinsic productivity level whose growth rate is assumed to be constant. Because it seems more reasonable to assume that the current technology is produced using the previous technology components rather than contemporaneous ones, once again, a one period lag is imposed in (2). 9 Thus, each intermediate supplier can be upstream because it supplies its technology components to other intermediate suppliers. It can also be downstream because it purchases technology components from other suppliers. 10 This specification departs from the standard specification under the input-output analysis such as dynamic TFP model in Kuroda and Nomura (2004) . However, we employ the o-ring function in this paper for the following reasons. First, the o-ring function allows characterization of the equilibrium structure of the technology system consisting of many technology components, whose innovation could also be endogenously determined. Second, this production function gives rise to closed-form solutions. Third, it provides the underlying economic structure behind the innovation matrix, rather than implicitly assuming some TFP spillovers. 11 The technology component q is treated as if it is an intermediate good in this model.
In this specification, one unit of each technology component is produced by its own and other technology components. The jth technology component produced in this production function is, in turn, supplied to its own and other technology components, in addition to the jth commodity producer. In the following equations, time subscripts are omitted to simplify the notation.
The risk neutral commodity producer maximizes where P j,t denotes the price of the jth commodity, p(q ij,t−1 ) is the factor price of the ith technology component, 12 and r t-1 and w t-1 refer to the rental and wage rates, respectively. The first-order conditions are:
Further solving these equations for n i=1 q ij,t−1 yields Labor and capital market clearing conditions are where L and K denote the total amounts of labor and capital, respectively. r and w are determined to satisfy these conditions in equilibrium.
12 According to Fig. 1 , the jth technology component is supplied to the ith intermediate supplier who in turn supplies the production technology to the ith commodity sector. However, as described above, because of constant returns, it makes no difference to assume that the ith commodity producer behaves as if it directly purchases the jth technology component.
Factor price of the technology component
Intermediate suppliers provide the technology component in elastically to each intermediate supplier. Suppose that the quality levels are represented by a quality ladder (see, for example, Aghion and Howitt 1992) where μ ij,t−1 takes positive values representing the current quality level.
Substituting (5) into (3) gives 13 Integrating this yields the factor price schedule of technology component h as where E j,t ≡ P j,t y j,t is the output value of the jth commodity, and h θ hj,t−1 = 1. 14 Thus, the commodity producer earns zero profits, as αP j,t and βP j,t are paid to labor and capital, respectively. The jth intermediate sector receives h p(q hj,t−1 ) from the jth commodity producer and ℓ� =j p(q jℓ,t−1 ) from other intermediate sectors, which in turn are allocated to each intermediate sector supplying to the jth technology component.
The net gains are
The LHS represents the revenues of the jth sector, and the RHS refers to the sum of the payments made to that sector. These two accounts should be equal. If production of the jth technology component does not require its own technology component, the net gains are zero.
Household
The representative household maximizes its utility function subject to (5) q ij,t−1 = e µ ij,t−1 , 13 Note that e disappears in the following equation because it is represented in terms of q hj,t−1 . 14 This integration is made to derive the solution that satisfies (3) and zero profits. The imposition of this integration condition is not implied by the model. Rather, this corresponds to the "guess" method of deriving value function in dynamic programming. It is easy to check that the solution satisfies both. p is strictly convex with respect to the q that ensures an optimum exists.
As w t−1 and r t−1 are determined in (4), the amount of expenditure is also determined in this equation. Assuming E t = 1, we can specify the demand for each commodity as This implies that E j,t ≡ P j,t y j,t = 1/n. Then, we can determine all factor prices in (6). The remaining unknown variables are r t−1 , w t−1 , and P j . However, we have already derived two market clearing conditions in (4) and n equations in (9). Because y j,t in (9) can be represented as we have n + 2 unknown variables and equations. This completes the model.
Allocation of the technology component
Now, let us derive the innovation input-output matrix from this theoretical model. In this model, each technology component is assumed to be supplied by independent suppliers. However, because each technology component exists in a non-physical form similar to blueprints, it is assumed that its output is duplicated without additional costs. Hence, the allocation of a technology component across sectors does not require the equality of supply and demand. Instead, we assume that it is allocated to each sector as where ϑ ij ≥ 0 is the degree of technology transfer from the ith technology component to the jth intermediate sector, and μ i measures the total quality level of the ith component. The magnitude of ϑ ij is determined based on technological inter-dependence between the two components and the absorptive capacity of the jth sector. Because duplication costs are zero, we do not require j ϑ ij = 1. Note that ϑ ij should be positive, because the firm does not purchase the ith technology component if ϑ ij < 0. The matrix of ϑ ij can be referred to as the technology input-output matrix.
Innovation input-output matrix
From (5) and (11), the productivity growth can be derived as where ^ denotes the growth rate (e.g., q ≡q/q,q ≡ ∂q/∂t), and γ ij measures the effects of innovation in the ith sector on that of the jth sector. If γ > 0, innovation is complementary to current productivity growth; however, if γ < 0, innovation is substitutable and has a negative effect on current productivity growth. Finally, γ = 0 implies that there is no innovation effect.
If innovation in the ith sector is neutral in the sense that ϑ ij remains intact, we should have q ij = ϑ ijqi from (5) and (11). In this case, γ ij = ϑ ij holds. However, innovation often changes the complementary relations between two technologies. Therefore, some innovation in the ith sector might have a substitution effect on innovation in the jth sector.
For example, the introduction of a fully automated manufacturing plant improves productivity, but it may impede process innovation, because skilled workers and foremen, who are responsible for improvement in cost and quality, would be replaced by hightech equipment. In this case, we should have ϑ ij ≥ 0 > γ ij .
Note that both ϑ ij and γ ij refer to the technological impacts of the ith sector on the jth sector. However, ϑ ij represents the effect of the productivity level of the ith sector on that of the jth sector. In other words, ϑ ij refers to the productivity spillover effect. However, γ ij measures the impact of productivity change (i.e., innovation) of the ith sector on that of the jth sector. This represents the innovation spillover effect. Thus, the difference between ϑ ij and γ ij is accounted for by whether the spillover effects imply productivity relations or innovation relations. The matrix of γ ij can be referred to as the innovation input-output matrix.
From (2) and (12), this matrix can be represented as Thus, we obtain
In matrix notation, this is rewritten as Γ′ corresponds to an innovation input-output matrix. This matrix indicates how productivity growth in each sector is related to the others. In particular, we are interested in the backward and forward linkages of this innovation input-output matrix. Let us refer to them as innovation backward and forward linkages to differentiate them from corresponding linkages derived from a (commodity) input-output matrix. The innovation backward and forward linkages are, respectively, calculated as
The former measures the direct increase in productivity growth in the jth technology component when all technology components increase their productivity level. As is clear from (13), a sector with high innovation backward linkages tends to enjoy higher productivity growth when all sectors experience productivity growth.
Conversely, the innovation forward linkage measures the effect of the productivity growth in the jth technology component on all sectors. In other words, the innovation forward linkage indicates the benefits provided by the jth technology component to all sectors. By definition, a sector with high innovation forward linkages does not
necessarily enjoy higher productivity growth, although this sector contributes to productivity growth in other sectors.
Balanced versus unbalanced growth
The innovation forward linkage represents a marginal effect on economic growth. If the innovation forward linkages are the same across sectors, there is no reason to select a specific sector as a target of growth policy. Instead, it would be desirable to increase productivity in all sectors in a balanced manner without generating inequality. However, if the innovation linkages are different, it would be more innovation promoting to focus on the sector with the maximum innovation forward linkages and provide subsidies. The idea that a significant advance in a few sectors is more successful than small advances in many sectors simultaneously is suggested by proponents of "unbalanced growth" (Hirschman 1958; Streeten 1959) , as opposed to "balanced growth" (Rosenstein-Rodan 1943; Murphy et al. 1989 ). According to Streeten (1959) , the conditions favoring unbalanced growth include the following: (1) indivisibilities are important, (2) expansion costs are important, (3) higher incomes are created than would be by balanced growth, and (4) incentives to invent and to apply inventions are strengthened. If these conditions are satisfied, then the choice of investment priorities would be a stimulus for growth. That is, the growth policy should focus on the sectors that generate the strongest stimuli for growth. In this model, (3) and (4) can be evaluated by innovation forward linkages.
Suppose that, currently, no innovation takes place in all sectors, and each sector generates innovation q = 1 by the fixed amount of R&D investment, ф. To make subsequent analysis as simple as possible, assume that q = k is achieved by the R&D investment of kф. That is, the innovation production function is linearly dependent on R&D investment. Assume that the social planner has a budget of nф. Under a balanced growth policy, the social planner subsidizes all sectors equally, so that each sector receives ф and its growth rate is q = 1. In contrast, under an unbalanced growth policy, the social planner selects m sectors (m < n), whose innovation forward linkages are higher than other sectors, and subsidizes these. Hence, each selected sector receives n/mф and achieves q = n/m. From (7), the growth rate in this economy can be measured by jŷ j,t . Substituting (9) into (10) and rearranging yields From (12), the economic growth rate in the economy is represented by Obviously, the magnitude of the ith sector's innovation effect is proportional to If i . Hence, we can derive the following:
Proposition Both balanced and unbalanced growth policies achieve the same growth rate if and only if If i = If j for all i = j. Otherwise, an unbalanced growth policy will achieve a higher growth rate.
Of course, this proposition is derived from the perspective of economic growth alone. The unbalanced growth policy might generate income inequality, and this might induce some welfare loss. This proposition does not take into account these effects on welfare. If If i = If j holds for all i = j, both growth policies would be equally innovation promoting. In this case, however, balanced growth would be more favorable in terms of social welfare as it does not generate inequality.
Empirical analysis
Having presented the theoretical background of the model, we are now in a position to conduct an empirical analysis of the proposition of balanced versus unbalanced growth strategies. For this purpose, we need to construct an innovation input-output matrix.
Data
For the construction of Γ′, we extracted the industry-level TFP data from the International Comparison of Productivity among Asian Countries (ICPA) database of the Research Institute of Economy, Trade and Industry (RIETI) in Japan [International Comparison of Productivity among Asian Countries (ICPA) Database (1998 Database ( -2000 ]. This database provides the relevant data on Japan, Korea, Taiwan, China, and the USA. Because TFP data are not available for a few industries in Taiwan, we removed Taiwan from the study and only constructed innovation input-output matrices for Japan, Korea, China, and the USA. The data cover the years 1980-2000 for most countries. We selected 15 sectors consisting of chemicals, petroleum and coal products, leather, stone/ clay/glass, primary metal, fabricated metal, machinery, electrical machinery, motor vehicles, transportation equipment and ordnance, instruments, rubber and miscellaneous plastics, miscellaneous manufacturing, transportation, and communication. Most of these sectors belong to manufacturing industries. Other manufacturing sectors in this database include food, textile, apparel, lumber, furniture, paper, and printing. These sectors were deleted from the sample because they generally belong to low-tech fields.
The service sector consists of electric utilities, gas utilities, trade, finance and real estate, other private services, and public services in the dataset. This sector is excluded from the analysis because the classification of the services sector is rather crude compared with those in the manufacturing sector. Therefore, to estimate rigid innovation linkages, the following empirical analysis focuses only on the 15 manufacturing sectors.
When estimating the innovation linkages, we had to consider the magnitude of the technology use in each sector's innovation activity. For example, some sectors do not use machinery technology during innovation activities. In such cases, the spillover effects from that technology component on the sector's innovation should not be expected, at least directly. To control for the magnitude of the technology component use, we use the R&D expenditure ratio on each technology component as the proxy for the magnitude of use of that technology.
Although such data are generally not publicly available, the "Survey of Research and Development" published annually by the Ministry of Internal Affairs and Communications in Japan reports R&D statistics for expenditure across different sectors at the twodigit SIC level (Survey of Research and Development 2002). We use 2002 data to control for the magnitude of the technology component use in each sector, in the evaluation of innovation backward and forward linkages. 15 Specifically, suppose that the R&D expenditure in the ith technology component by the jth sector is R ji . Then, the sector's total R&D expenditure-excluding its own sector's technology-amounts to R j−j = i� =j R ji . We exclude R jj in this sum because it is obvious that the sector's technology is fully used for its own innovation. Define the R&D ratio of the ith technology component as ζ ji ≡ R ji /R j−j . This measures the magnitude of use of the ith technology component in the sector's innovation. Then, the ith sector's TFP growth to be used in this sector is ζ jiqi . We use these transformed values as explanatory variables in the following regression analysis.
Estimating innovation input-output matrices and innovation linkages
Using TFP growth data on 15 sectors in Japan, Korea, and China, we can construct the innovation input-output matrix Γ′ by regression analysis that represents inter-sectoral innovation linkages. The regression equation is derived from (13) as where ɛ is the error term. Note that we have 16 unknown parameters to be estimated for each sector including constant terms, while the data cover approximately 20 years for each country. To circumvent the insufficient number of observations, matrix coefficients were estimated using the pooled sample. Because this sample is an unbalanced panel data, we conducted both fixed-and random-effect regressions. In all 15 sectors, the Hausman specification test selected random-effect models. Table 1 reports the results.
Although we do not interpret these estimates in detail because of space limitations, it should be mentioned that no common pattern can be observed across the 15 sectors. For example, while many sectors have several significant estimates, the electrical machinery and communication sectors receive no significant effects from productivity growth in other sectors. In addition, some coefficients are negative and significant, indicating substitutable effects of productivity growth. However, more than a half of significant coefficient estimates are positive.
Besides the statistical significance, not all sectors affect the TFP growth in other sectors because of zero R&D investment. When there is no R&D investment in a particular technology, then we excluded the corresponding TFP growth from the regression analysis. Therefore, the result shows that some sectors do not interact with other sectors in terms of contributing to the latter's innovation. In other words, the result reflects localized interaction across sectors (Horvath 2000) .
Note that this estimation assumes the existence of a common innovation input-output matrix across the three countries in the East Asian region, controlling for the influence of country-specific factors. However, as we have mentioned before, each country has 15 The oldest electrical data are publicly available for 2002; hence, we used this dataset. already established strong economic ties with the USA. Hence, it is of equal importance to construct the innovation input-output matrix for the integrated region of East Asia and the USA. The results are reported in Table 2 . The overall pattern of the matrix in this table seems to remain the same as before. Once again, the electrical machinery and communication sectors have no significant coefficients. In other sectors, however, statistical significance and sign conditions differ slightly from those in Table 1 .
To see the difference more clearly, we calculated the innovation backward and forward linkages and examined their significance using a Z test. Table 3 (a) shows the results.
Comparing the two samples, no difference exists in terms of statistical significance and sign condition. All other linkages show the same pattern between the two samples. Thus, even if the USA is added to the East Asian countries, the properties of innovation linkages remain almost the same. This implies that growth strategy in the East Asian region should not be significantly altered even if this strategy is extended to include the USA.
Surprisingly, the data show no significant innovation backward and forward linkages in the electrical machinery sector. This is probably because of the fact that, while this sector should have positive innovation backward and forward linkages in terms of commodity and technology linkages, it has received and exerted little influence in terms of innovation linkages. Obviously, the linkages in this sector are significantly related to process technologies in other sectors, but appear to be less related to product innovation. This result might reflect the fact that product innovation becomes more important than process innovation in terms of productivity growth. 16 Regarding innovation backward linkages, transportation equipment has positive effects. This is reasonable, because this sector requires a variety of technology components to complete its products. Hence, its innovation backward linkages result in positive effects.
Regarding innovation forward linkages, the chemical and primary metal sectors have strong effects, with no innovation backward linkages. However, while the chemical sector exerts positive effects, the primary metal sector negatively contributes to other sectors' innovation. This is probably because innovation in materials first leads to the replacement of current products using primary metal. In the short run, this substitution effect dominates. However, in the longer run, this innovation is fully incorporated into new products, leading to more TFP growth. Therefore, we expect that with a longer time lag, the innovation in the primary metal sector would positively affect TFP growth in other sectors. The remaining significant sectors are rubber and transportation, with both sectors having innovation backward and forward linkages. Particularly, the rubber sector has positive effects on both linkages, indicating that this sector is a key to innovation in our dataset. The transportation sector exerts positive innovation backward linkages, but its effects on innovation forward linkages are negative. Because transportation requires a variety of technology components, the positive backward linkages are reasonable. However, its negative innovation forward linkages imply that an improvement in transportation services exerts substitution effects on other sectors, at least in the short run. Therefore, facilitating innovation in this sector might cause a short-run productivity slowdown.
Finally, note that the communication sector has no significant innovation backward or forward linkages. However, in our alternative empirical analysis that used simple TFP growth data as explanatory variables, the communication sector generated positive innovation forward linkages. This result is consistent with the fact that the IT revolution contributed to positive economic growth (see, for example, Brynjolfsson and Hitt 1996) . The difference arises because the four sectors (i.e., petroleum, leather, transportation equipment, and transportation) do not invest in communication technology in our dataset. Therefore, Table 3 (a) does not take into account the effects of these sectors in the regression analysis. Non-adjusted data might be more realistic in evaluating innovation linkages in the sectors, because most of the sectors receive some spillover effects from communication technology, even although some of the sectors do not make R&D investments in communication technology. It is important to note this when interpreting the innovation linkage results. Although we cannot discuss this in detail because of space limitation, we show the alternative regression analysis results for innovation backward and forward linkages in Table 3 (b).
Evaluating growth strategies
Given these estimates of innovation linkages, we are now in a position to compare the magnitudes of such linkages in the balanced and unbalanced growth strategies. To achieve this, the difference in innovation forward linkages across the sectors must be tested. We calculated the Z statistics for the pairwise difference between two sectors in innovation forward linkages. Tables 4 and 5 show the results in the samples without and with the USA, respectively. These tables clearly suggest that many pairs of sectors are statistically different in innovation forward linkages. In particular, innovation forward linkages of the chemical, primary metal, instrument, rubber, and transportation sectors are significantly different from those of many other sectors. These sectors also exert strong innovation forward linkages in Table 3 . Thus, sectors with significant innovation forward linkages tend to be differentiated from many other sectors in the pairwise difference of innovation forward linkages.
These results imply that an unbalanced growth strategy should be pursued in both regions. Suppose some kind of unbalanced growth strategy is chosen to be implemented in these regions. The next question to arise is which sectors should become the targets of this unbalanced strategy. In development strategy, Hirschman (1958) suggested that investment should be promoted in the sectors that induce more investment in other sectors. In the innovation input-output analysis, this implies that sectors that induce more innovation should be subsidized to increase productivity growth. In other words, sectors with high innovation forward linkages should become the targets. If we select sectors based on the 5 % significance level, then the target sectors are chemical, instrument, and rubber, and the primary metal sector is excluded because of its negative sign. Additionally, in our alternative regression analysis, the communication sector generated strong innovation forward linkages.
To further characterize these sectors, Table 6 lists the growth rate and volatility of these sectors. As the average growth rates for the 15 sectors are 1.54 and 1.72 % for with and without the US samples, respectively, only the communication sector achieves higher productivity growth than the average in both regions. The instrument sector achieves higher growth than the average in the East Asian region, but slightly lower growth than the average in the integrated region. Therefore, the core sector becomes communication in both regions. The other sectors-chemical, instrument, and rubberare characterized as bottleneck sectors owing to their lower growth rates.
The growth strategy should maintain the current growth rates of the core sectors, while promoting more productivity growth in the bottleneck sectors. In the case of core sectors, more emphasis might be placed on removing current trade barriers and facilitating trade liberalization in the target region to boost innovation in the region as a whole. Innovation can diffuse without commodity trade, but its linkages will be magnified if it is actually purchased. For example, trade restrictions during the Edo era and in World War II blocked the import of foreign commodities to Japan, with negative impacts on productivity growth. The removal of foreign import restrictions after the Meiji restoration and again after World War II provided the spur for economic growth. Hence, trade barriers that impede commodity and innovation flows should be removed for the purpose of promoting innovation. In the case of bottleneck sectors, more policy intervention is needed to promote productivity growth by subsidizing R&D investment. Among the targets of unbalanced growth strategy, only the rubber sector has both significantly positive innovation backward linkages and has low growth rates. Thus, the innovation backward linkages seem to exert a negative effect on productivity growth among the target sectors. This occurs because high innovation backward linkages are sensitive to productivity changes in other sectors. When other sectors enjoy positive growth, sectors with high innovation backward linkages also experience a positive effect. Conversely, in the case of productivity decline, the productivity of those sectors is negatively affected. Over the 20 years of data, these sectors may have experienced even more negative effects. Thus, paradoxically, sectors with high innovation forward and backward linkages tend to become bottlenecks.
As we have seen, an unbalanced growth strategy that aims to improve productivity growth in this core and bottleneck sectors should be implemented. However, because the coverage of the strategy extends beyond national boundaries, it would be difficult to implement. In particular, without policy coordination across the countries, an innovation promoting unbalanced strategy cannot be put into practice. For example, it cannot be expected for one country to subsidize R&D investment in another country unless that R&D is undertaken by domestic firms. However, the country can indirectly subsidize R&D in another country by removing trade barriers. In turn, such indirect subsidization has positive repercussions in domestic sectors. Policy coordination in implementing a growth strategy will always involve practical difficulty, but the difficulty can be avoided with a proper understanding of the innovation input-output matrix and innovation linkages in the target region.
Concluding remarks
This paper developed the underlying theoretical model for an innovation input-output matrix and derived the implications for growth strategy. Our empirical investigation in four countries-the USA, Japan, Korea, and China-revealed that innovation linkages are sometimes negative but quite a few sectors show positive and significant innovation linkage effects. The estimated innovation linkages of the two regions-the East Asian region and the integrated region of East Asia and the USA-showed similar patterns. The empirical tests favored an unbalanced growth strategy, and communication is identified as a core sector, while chemical, instrument, and rubber are bottlenecks. In particular, rubber showed lower growth with positive and significant innovation backward linkages. This result implies that sectors having both high innovation backward and forward linkages are likely to become bottlenecks in the process of economic growth.
The unbalanced growth strategy should place more emphasis on removing current trade barriers and facilitating trade liberalization in the core sectors of the target region. In the case of bottleneck sectors, more policy intervention is needed to promote productivity growth by subsidizing R&D investment. Although a practical difficulty always exists in implementing a growth strategy across national boundaries, policy coordination still seems feasible as long as the findings from the innovation input-output matrix are shared. This paper is a first attempt at providing a theoretical justification for innovation input-output analysis with simple quantitative analysis. More theoretical and empirical studies are needed. In particular, this paper assumes that some common innovation linkages have existed across the East Asian region for over 20 years . This assumption is quite bold, but it is necessary owing to the limited number of observations. Construction of the innovation input-output matrix without the need for such an assumption remains an important challenge for future research. In addition, this paper focuses exclusively on TFP growth and does not address factor growth, such as physical and human capital accumulation patterns. The impact of these growth drivers on the estimation of innovation linkages should also constitute a future research agenda, as this would deepen our understanding of the properties of regional innovation systems, ultimately leading to more effective growth policy.
Abbreviations TFP: total factor productivity; R&D: research and development; OECD: Organization for Economic Co-operation and Development; DRAM: dynamic random access memory; PC: personal computer; ICPA: International Comparison of Productivity among Asian Countries; RIETI: Research Institute of Economy, Trade and Industry; IT: information technologies.
